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Abstract
Intrauterine adhesion (IUA) refer to persistent inflammation and fibrosis due to damaged or infected endometrium and even-
tually lead to dysfunction. This study aimed to explore the therapeutic effects of exosomes (Exos) derived from placental 
mesenchymal stem cells (PMSCs) on endometrial repair in a rat model of IUA and to elucidate the underlying molecu-
lar mechanisms. PMSCs were characterized using flow cytometry and differentiation assays (osteogenic, adipogenic, and 
chondrogenic). Exos were isolated via ultracentrifugation and validated through transmission electron microscopy, nano-
particle tracking analysis and Western blot. An IUA model was established via electrocoagulation, and endometrial repair 
was assessed using hematoxylin-eosin (HE) and Masson staining. RNA sequencing, differential expression analysis and 
protein-protein interaction (PPI) network construction were employed to investigate the molecular mechanisms of PMSC 
Exos mediated repair. The role of miR-143 in targeting MyD88 and modulating the NF-κB signaling pathway was confirmed 
using Dual-Luciferase Reporter Assay and qRT-PCR. PMSC Exos significantly improved endometrial thickness, increased 
glandular number and reduced fibrosis in the IUA model. RNA sequencing and differential expression analysis screened 
3980 differentially expressed genes (DEGs) common to the IUA vs normal groups and Exo vs IUA groups. Enrichment 
analysis revealed significant involvement of immune system processes, natural killer cell-mediated cytotoxicity and NF-κB 
signaling. PMSC Exos delivered miR-143, which targeted MyD88, thereby regulating the NF-κB pathway. PMSC Exos 
effectively repaired endometrial damage in the IUA model by modulating the NF-κB signaling pathway through miR-143 
delivery. These findings suggest that PMSC Exos hold promise as a novel therapeutic strategy for IUA, offering insights into 
the molecular mechanisms underlying endometrial repair.
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MSCs	� Mesenchymal stem cells
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AMSCs	� Adipose-derived mesenchymal stem cells
PMSCs	� Placental mesenchymal stem cells
PCA	� Principal component analysis
DEGs	� Differentially expressed genes
TEM	� Transmission electron microscopy
NTA	� Nanoparticle tracking analysis
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RT-PCR	� Quantitative real-time reverse transcription 

polymerase chain reaction
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Background

Intrauterine adhesion (IUA), also known as Asherman’s 
syndrome, refers to a pathological condition characterized 
by abnormal adhesion and scar formation in the uterine 
endometrium. This condition is typically caused by uterine 
surgery, endometrial inflammation, postpartum infection, 
induced abortion, or other factors that result in uterine 
endometrial damage (Leung et al. 2021). The formation 
of IUA can have a profound impact on women’s reproduc-
tive health, including menstrual abnormalities, infertility, 
recurrent miscarriages, and premature births (Kelleher 
et al. 2018). Approximately 21.2% of patients with IUA 
experience secondary infertility (Koskas et al. 2010), and 
30% of women experience spontaneous abortion in late 
pregnancy due to IUA (Liu et al. 2022). Despite the avail-
ability of conventional treatment methods, the recurrence 
rate for mild-to-moderate patients with IUA remains 30%, 
and severe cases have a recurrence rate of as high as 62.5% 
(Chen et al. 2017). Therefore, developing effective strate-
gies for endometrial regeneration remains a critical chal-
lenge in IUA management.

In recent years, various types of stem cells, particularly 
mesenchymal stem cells (MSCs), have garnered significant 
interest in the field of reproductive medicine because they 
promote multilineage differentiation and tissue repair and 
regeneration, improve reproductive organ function, and 
have low immunogenicity and wide availability (Gao et al. 
2022). For example, bone marrow stromal cells (BMSCs) 
can effectively reconstruct damaged endometrium and 
improve reproductive outcomes by reducing the degree 
of endometrial fibrosis (Gao et al. 2022). Umbilical cord 
marrow stromal cells (UCMSCs) induction markedly 
increased the number of endometrial glands and reduced 
fibrotic area in rats with induced IUA (Liu et al. 2020). 
Human menstrual blood-derived MSCs were expanded 
in  vitro and transplanted into the uteruses of women 
with intractable IUA. In another study, five of 12 patients 
achieved clinical pregnancy, resulting in a pregnancy rate 
of 41.7% (Ma et al. 2020). MSCs derived from amniotic 
membrane promoted endometrial regeneration in a rat 
model of IUA (Mao et al. 2023). Although MSC therapy 
has demonstrated promising therapeutic efficacy, limita-
tions, such as low engraftment rates,  loss of stemness, 
inconvenience of transportation and storage, and uncon-
trolled differentiation, still restrict the clinical application 
of MSCs (Xin et al. 2020). Current research indicates that 
MSCs play a crucial role in tissue repair, and 80% of their 
effectiveness is attributed to their paracrine factors, such 
as chemokines, growth factors, and cytokines, which are 
secreted into the surrounding environment (Costa et al. 
2021).

Exosomes (Exos) are small membrane-bound vesicles 
released by cells, with diameters ranging from 50 nm to 
150 nm (Qiu et al. 2019). They contain a variety of parac-
rine factors produced by cells. The concept of MSC-derived 
Exo therapy is to utilize the secreted factors to promote tis-
sue repair and regeneration. Compared with MSCs therapy, 
extracellular vesicle therapy is more feasible and promising 
because it is a cell-free treatment approach that is easier to 
manage and offsets certain limitations and risks associated 
with traditional stem cell therapy while retaining the benefits 
of cell-based treatments (Lee et al. 2021). Exos derived from 
the MSCs of the bone marrow can reverse epithelial–mes-
enchymal transition (EMT) through the TGF-β1/Smad path-
way, facilitating the repair of damaged endometrium (Yao 
et  al. 2019). Exos derived from adipose-derived MSCs 
restored endometrial function in a rat model of IUA (Zhao 
et al. 2020), and Exos generated by UCMSCs play a crucial 
role in reversing IUA formation. This effect is facilitated 
by the miR-145-5p/zeb2 axis, which reverses endometrial 
fibrosis (Li et al. 2023). However, although numerous stud-
ies have focused on the treatment of IUA with MSC Exos, 
no research regarding the application of Placental mesen-
chymal stem cells (PMSCs) secreted Exos to IUA treatment 
has been conducted. Compared with other MSCs, PMSCs 
have a richer source, lower immunogenicity, higher prolif-
erative capacities, and stronger multipotent differentiation 
potential (Maraldi and Russo 2022). The treatment approach 
involving the secretion of Exos by PMSCs holds promise as 
a novel and feasible cellular-free therapy strategy for endo-
metrial regeneration (Liu et al. 2019).

In this study, we investigated for the first time the thera-
peutic effect of PMSC Exos on IUA and conducted tran-
scriptome sequencing to explore the underlying mechanisms. 
Through a series of bioinformatics analyses, we investigated 
the pathways potentially involved in the formation and treat-
ment process of IUA . Additionally, we found that PMSC 
Exos may exert their therapeutic effects by delivering their 
enriched miR-143 to target MyD88, thereby regulating the 
NF-κB signaling pathway.

Methods

PMSC identification

The PMSCs of the third passage were identified. When the 
cells reached 70%–80% confluency, the complete medium 
was replaced with an adipogenic induction medium for 
3 weeks. Then, Oil Red O staining was performed. When 
the cells reached 60%– 70% confluency, the complete 
medium was replaced with an osteogenic induction medium 
for 3 weeks. Then, Alizarin Red staining was performed. 
When the cells reached 70%–80% fusion, the complete 
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culture medium was replaced. When the cell fusion reached 
70%–80%, the complete culture medium was replaced with 
a chondroblast culture medium for 4 weeks. Moderate 
changes were made twice a week, and cartilage formation 
was assessed every 2–3 days. Cartilage differentiation was 
then assessed with Alcian blue staining. In addition, flow 
cytometry was used to detect the expression of PMSCs sur-
face markers CD73, CD90, and CD105.

Exosome extraction and identification

Exos were extracted through ultrafast centrifugation. When 
the cell confluence reached 80%, the serum-free medium 
was replaced. After 48–72 h of culture, the cell culture 
supernatant was collected, and dead cells and large extracel-
lular vesicles were removed through centrifugation at 4 °C 
for 3000 g of the supernatant for 30 min. The cell fragments 
were then removed through centrifugation at 4 °C for 10,000 
g for 30 min, and the supernatant was filtered with a 0.22 
μm filter into a 50 ml centrifugation tube. Approximately 
100,000 g of the supernatant was centrifuged at 4 ℃ for 90 
min, and the supernatant was discarded to collect precipita-
tion. The Exos were resuspended with PBS. BCA protein 
quantification was used to detect Exos protein concentration. 
The morphology of Exos was observed under a transmission 
electron microscope, and the peak particle size of Exos was 
revealed through nanoparticle tracking analysis. Western 
blot (WB) was performed for the identification of the Exo-
specific marker CD63 (1:1000; Proteintech, America) and 
HSP70 (1:1000; Proteintech, America).

Animals

Female rats aged 10–12 weeks were randomly divided 
into control, model, and Exo treatment groups. An IUA 
model was established by using a previously described 
electrocoagulation damage method (Liu et al. 2019). After 
the administration of anesthesia with isoflurane through 
inhalation, a laparotomy was performed, and the uteruses 
were exposed. A small incision was made on the left side, 
an electrocoagulation needle was inserted, and the tip 
was moved from the corner of the uterus to the cervix. 
A power of 20 W was used to deliver the current. After 
injury, a syringe was used to inject different therapeutic 
fluids directly into the uterine cavity through the previ-
ous incision. The Exo treatment group was treated with 
500 µL of Exos (1 mg/mL), and the IUA group, with 300 
µL of normal saline. The right uterus was not treated for 
comparison and reduction of experimental error and inter-
ference. Suture the incision after treatment. After 20 days 
of treatment, the rats were killed, and uterine tissues were 
collected for subsequent experiments. All animals were 
obtained from Beijing Vital River Laboratory Animal 

Technology Co., Ltd. (Beijing, China). Animal experi-
ments were performed in compliance with the guide-
lines of Beijing Laboratory Animal Management Office 
(MDSW-2023-048C) .

Hematoxylin–eosin (HE) and masson staining

Uterus tissues from each group were fixed in 4% neutral 
buffered formalin, dehydrated, and embedded in paraf-
fin. Serial sections of 4 μm were sliced and stained with 
hematoxylin–eosin (HE) and Masson staining. Four 20× 
magnification regions were selected for each HE-stained 
section, and the number of glands in each field of view 
was calculated and averaged. Four 10× magnification areas 
were selected for each HE-stained section, and the endo-
metrial thickness in each field of view was calculated and 
averaged. Four 40× magnification areas were selected for 
each Masson-stained section, and the fibrosis area ratio 
was calculated as follows: total endometrial fibrosis area 
per field of view/total endometrial matrix and gland area. 
The rate was automatically averaged by using ImageJ 
(Rawak Software, Inc., Germany).

Microarray and mRNA bioinformatics analysis

The analysis of miRNA and mRNA encoding proteins 
utilized Illumina Novaseq 6000 (LC Biotechnology Co., 
Ltd., Hangzhou, China) for dual-end sequencing accord-
ing to standard protocols. The sequencing mode employed 
was PE150. GeneSpring v13.0 was used for miRNA + 
mRNA array data analysis including data summarization, 
normalization, and quality control. Principal component 
analysis (PCA) and Pearson correlation analysis were used 
in analyzing the samples, and |log2fc ≥1 and p <0.05 were 
used as threshold values in the selection of differentially 
expressed genes (DEGs) for the comparison of IUA and 
normal groups and of Exo and IUA groups. Venn dia-
grams were used to show the shared DEGs between the 
IUA vs normal group and the Exo vs IUA group. We per-
formed GO/KEGG and GSEA enrichment analyses on the 
DEGs to determine potential underlying mechanisms for 
this process. Subsequently, the DEGs were analyzed by 
using the STRING plugin in Cytoscape v3.9.1, and the 
String Enrichment plugin was applied to visualize the 
protein–protein interaction (PPI) network of key path-
ways. Venn diagrams were used to display the miRNAs 
shared among the IUA vs normal group, the Exo vs IUA 
group and the top 30 miRNAs in exosomes. The target 
genes of these miRNAs were screened using the TargetS-
can (https://​www.​targe​tscan.​org/​vert_​80/) and StarBase 
databases(https://​rnasy​su.​com/​encori/).

https://www.targetscan.org/vert_80/
https://rnasysu.com/encori/
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Quantitative real‑time reverse transcription 
polymerase chain reaction (RT‑PCR)

To verify the expression of key miRNAs, we performed 
RT-PCR. Total RNA was extracted from the cells by using 
an miRNeasy mini kit (Qiagen, Germany) according to 
the manufacturer’s protocol. The reverse transcription and 
polymerase chain reaction (PCR) primers for miRNAs and 
U6 were obtained from RiBoBio (Guangzhou, China) and 
are listed in Table 1. A cDNA library was constructed by 
using a PrimeScript RT reagent kit (Takara, Japan). For the 
quantification of mature miRNA, cDNA was generated with 
specific stem-loop universal primers. qRT-PCR for miRNA 
was performed by using SYBR Premix Ex Taq II (Takara) 
and was measured by using an ABI 7500 sequence detection 
system. U6 was used as the internal control. The relative 
amount of miRNA was calculated using the 2–∆∆Ct method.

Dual‑luciferase reporter assay

To determine if MyD88 is the direct targets of miR-143, 
the luciferase reporter test was carried out on 293T cells. 
The 3’-untranslated region (3’-UTR) of MyD88 containing 
the miR-143 binding site was cloned to produce a pMIR-
MyD88-WT vector, whereas the pMIR-MyD88-Mut vector 
was constructed using 3’-UTR that did not contain miR-
143. Subsequently, the pMIR-MyD88-WT vector or pMIR-
MyD88-Mut vector was cotransfected into cells with either 
a miRNA mimic or NC. The cells were inoculated in 24-well 
culture plates. After 48 h, the luciferase activity was deter-
mined (Vazyme, Najing, China).

Statistical analysis

R (4.2.1 version) and GraphPad Prism 9 were utilized for 
statistical analysis. The Mann–Whitney U test and unpaired 
two-tailed Student’s t-tests were employed to compare the 
groups. The Pearson method was used to assess correlation 
among samples, and the Spearman method was employed to 

evaluate correlation among mRNAs. Statistical significance 
was defined as p <0.05.

Results

Identification of PMSCs and its exosomes

After osteogenic differentiation induction of PMSCs, cal-
cium nodules were formed via Alizarin Red staining (Fig-
ure 1a). After PMSCs were induced to differentiate into adi-
pogenesis, Oil Red O staining showed obvious lipid droplets 
in the cells (Figure 1b). After we induced the chondrogenic 
differentiation of PMSCs, blue-stained acid proteoglycans 
formed, as indicated by Alcian blue staining results (Fig-
ure 1c). Flow cytometry results showed that the PMSCs 
were positive for the markers of mesenchymal stromal stem 
cells, namely, CD90, CD73, and CD105, and negative for 
hematopoietic markers, namely, CD34 (Figure 1d). Trans-
mission electron microscopy (TEM) showed that the Exos 
were round or appeared as oval membrane vesicles, and the 
peak particle size of Exos was approximately 84 nm accord-
ing to nanoparticle tracking analysis (NTA; Figures 2a,b). 
The Exo markers CD63 and HSP70 were well expressed 
according to WB results (Figure 2c).

PMSC Exos improved endometrial injury in the rat 
models

Animal experiments were divided into normal, IUA, and 
Exo groups. After 14 days of treatment, uterine tissues 
were extracted from the rats. As shown in Figure 3, the 
left side of the uterus showed significant edema and was 
structurally deformed in the IUA group compared with 
the normal group. By contrast, the Exos treatment group 
only showed fluid accumulation at the end of the uterus 
and mild congestion and edema. These results showed that 
PMSC Exos alleviated edema and congestion in the rat 
IUA model and reduced the accumulation of fluids. Three 

Table 1   List of qRT-PCR 
primers used in this study

Gene name Primer name Sequence (5′ → 3′)

miR-143-3p miR-143-3p-stem-loop CTC​AAC​TGG​TGT​CGT​GGA​GTC​GGC​AAT​TCA​
GTT​GAG​TGT​AGC​TC

miR-143-3p-F ACA​CTC​CAG​CTG​GGT​GAG​ATG​AAG​CAC​TGT​A
miR-143-3p-R CTC​AAC​TGG​TGT​CGT​GGA​

U6 U6-F CTC​GCT​TCG​GCA​GCACA​
U6-R AAC​GCT​TCA​CGA​ATT​TGC​GT

MyD88 MyD88-F TTG​CCA​GCG​AGC​TAA​TTG​AG
MyD88-R ACA​GGC​TGA​GTG​CAA​ACT​TG

GAPDH GAPDH-F TCT​CCC​TCA​CAA​TTT​CCA​TCCC​
GAPDH-R TTT​TTG​TGG​GTG​CAG​CGA​AC
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Fig. 1   Identification of PMSCs A: Osteogenic induction of PMSCs. B: Adipogenic induction of PMSCs. C: Chondrogenic induction of PMSCs. 
D: Detection of CD90, CD73, CD105 and CD34 by flow cytometry

Fig. 2   Identification of PMSC Exos A, B: Exosomes derived from PMSCs were observed by TEM and NTA. C: WB was used to detect the spe-
cific surface proteins of the exosomes CD63 and HSP70

Fig. 3   Uterus specimen
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groups of uterine tissues were selected for HE staining 
for the detection of changes in endometrial thickness and 
number of glands. Endometrial thickness was calculated 
at 10× magnification. Endometrial thickness was signifi-
cantly reduced in the IUA group compared with that in 
the normal group, and the endometrial thick floor sig-
nificantly improved after Exo treatment (Figure 4a). The 
glands were counted as 20× magnification. The average 
number of glands in the normal group was 7.8, whereas 
that in the IUA group was only 1. The number of glands 
in the IUA model was greatly reduced, and the average 
number of glands increased to 4.5 after Exo treatment 
(Figure 4b). Changes in endometrial fibrosis were then 
assessed through Masson staining. The fibrosis level was 
significantly higher in the IUA group than in the normal 
group. The level of fibrosis was reduced in the Exo group 
compared with the model group (Figure 4c). These results 
indicated that Exos can restore the morphology of a dam-
aged endometrium, increase endometrial thickness and 
number of glands, and improve fibrosis.

Analysis and identification of the DEGs

To investigate the potential role of PMSC Exos in the modu-
lation of IUA-induced endometrial injury, we subsequently 
performed whole transcriptome sequencing analysis on the 
normal, IUA, and Exo-treated groups. Through PCA (Fig-
ure 5a) and by using a sample correlation heatmap (Fig-
ure 5b), we observed clear differences and correlations 
among the groups. The volcano plot (Figure 5c,d) a total 
of 2039 upregulated DEGs and 2556 downregulated DEGs 
in the comparison between the IUA and normal groups at 
|log2fc| ≥1 and p <0.05 as the thresholds. In the comparison 
between the Exo and IUA groups, 2437 DEGs were upregu-
lated, and 2316 DEGs were downregulated (Figure 5e). 
Detailed information on the DEGs is provided in Supple-
mentary Tables 2 and 3. Afterward, a comprehensive analy-
sis was conducted to examine the DEGs shared by the IUA 
and normal group and those shared by the Exos and IUA 
groups. As illustrated in Figure 5f, a total of 3980 DEGs 
were shared by these two groups. Additionally, a heatmap 

Fig. 4   PMSC Exos improved endometrial injury in the rat models A: 
The HE staining of rat uterine tissue (10×) and statistical analysis of 
endometrial thickness. B: The HE staining of rat uterine tissue (20×) 
and statistical analysis of number of glands. C: The Masson stain-

ing of rat uterine tissue (40×) and statistical analysis of endometrial 
fibrosis (*compared with the normal group; # compared with the IUA 
group)
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was used to visually represent the expression levels of the 
100 most significant across the groups (Figure 5g).

Functional enrichment analysis of the DEGs

First, we performed GO and KEGG enrichment analyses 
for the IUA versus normal groups and GSEA enrichment 
analysis for the Exo versus IUA group. Based on the find-
ings presented in Supplementary Figure 1, the GO analysis 
of the IUA and normal group and the Exos and IUA groups 
primarily highlighted immune and inflammatory responses, 
and a negative correlation exists between the two datasets 
(Supplementary Figures 1a,d). Additionally, the KEGG 
results indicated that metabolic pathways were significantly 
enriched in the IUA versus normal groups and the Exo 
versus IUA groups (Supplementary Figures 1b,e). GSEA 
enrichment analysis validated the outcomes of the GO and 
KEGG enrichment analyses (Supplementary Figures 1c,f), 
and signaling pathways enriched in the head of the IUA ver-
sus normal group were enriched in the tail of the Exo versus 
IUA group.

Next, we conducted a comprehensive analysis of the GO 
and KEGG enrichment results for the DEGs shared by the 
IUA and normal groups and those shared by the Exo and 
IUA groups. As shown in Figure 6a, biological processes 
were primarily enriched in the integrin-mediated signaling 
pathway and immune system processes. The cellular com-
ponents were mainly enriched in cell–cell junction and baso-
lateral plasma membrane. In terms of molecular functions, 
we found significant enrichment in chemokine activity and 
cytokine receptor activity. As for KEGG analysis, Figure 6b 
depicts the top 20 enriched pathways, and a marked enrich-
ment of cell adhesion molecules was observed.

NF-κB signaling and Th17/Treg balance may play impor-
tant roles in MSC Exo treatment of IUA (Xue et al. 2015). 
To gain further insights into the protein interactions within 
these two pathways, we visualized the PPI network by using 
Cytoscape (Figures 6c,d). In the graph, node size reflects 
the degree of importance, and large nodes indicated signifi-
cance. In the Th17/Treg balance, IL-6, CD4, and IL2RA act 
as hub genes, while in the NF-κB signaling pathway, TNF, 
MyD88, and CD40 act as hub genes.

Fig. 5   Analysis and identification of differentially expressed genes A: 
PCA of the distinct mRNAs based on the microarray assay. B: Pear-
son correlation analysis of different microarray samples. C: A vol-
cano plot of the distinct mRNAs based on IUA vs. normal groups. 
D: A volcano plot of the distinct mRNAs based on Exos vs IUA 
group. Green dots represent upregulated mRNAs, and blue dots rep-

resent downregulated mRNAs with statistical significance. E: A his-
togram of the number of genes up-/down-regulated in the two groups 
of DEGs. F: A Venn plot of DEGs shared by the IUA and normal 
groups and those shared by the Exo and IUA groups. G: Heat map of 
the top 100 DEGs shared by the IUA and normal groups and those of 
the Exo and IUA groups
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The miR‑143 delivered by PMSC Exos targeted 
MyD88 to regulate the NF‑κB signaling pathway

RNA is the most abundant Exos, and small RNA plays 
a major functional role (Fang et  al. 2016). miRNA has 
received extensive attention due to its important role in 
regulating gene expression (Rutnam et al. 2013). To fur-
ther explore the specific miRNAs carried by Exos, miRNA 
sequencing analysis was then performed on PMSC Exos, 
focusing on the 20 most abundant miRNAs present in PMSC 
Exos (Figure 7a). The intersection of the IUA vs normal 
groups , the Exos vs IUA groups, and the top 20 miRNAs 
in PMSC Exos were identified using Wayne and upset dia-
grams, and miR-143-3p was found to be handed over (Fig-
ures 7b,c). We speculated that Exos likely play a therapeutic 
role by delivering miR-143-3p into endometrial cells.

miRNAs primarily control post-transcriptional gene 
expression by inhibiting translation or promoting mRNA 
degradation in the cytoplasm. Therefore, we screened down-
stream genes targeted by miR-143 using the TargetScan 
and StarBase databases. The results showed that miR-143 
may target MyD88. As previously demonstrated in the data 

analysis, MyD88 acts as a hub gene in the regulation of the 
NF-κB signaling pathway (Figures 6d). Thus, we hypoth-
esize that the miR-143 delivered by PMSC Exos targets 
MyD88 to regulate the NF-κB signaling pathway.

First, we used RT-PCR to detect the expression levels 
of miR-143 and MyD88 after Exos treatment. The results 
showed that in the IUA disease model, miR-143 was sig-
nificantly downregulated, while MyD88 was significantly 
upregulated. However, treatment with Exos significantly 
increased the expression of miR-143 and decreased the 
expression of MyD88 (Figures 7d,e). Subsequently, the 
dual-luciferase reporter assay results showed that miR-143 
can bind to the 3'-UTR of MyD88, thereby inhibiting its 
expression (Figures 7f).

Discussion

IUAs are caused by damage to the basal layer of the endo-
metrium after repeated curettage, infection, and intrauter-
ine surgery (Hooker et al. 2014). Many procedures include 
the transcervical resection of adhesion, hormone therapy, 

Fig. 6   Functional enrichment analysis of DEGs A: GO enrichment analysis of DEGs. B: Top 20 KEGG enrichment analysis of DEGs. C: PPI 
network of Th17 cell differentiation-related proteins. D: PPI network of NF-kB signaling pathway–related proteins
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hyaluronic acid gels and transplantation of freeze-dried 
amnion grafts, which have been used to treat IUA and pre-
vent recurrence (March 2011; Hooker et al. 2017; Roy et al. 
2010; Gan et al. 2017). However, the treatment effect is not 
ideal, and endometrial regeneration and functional recovery 
remain major challenges. In this study, we demonstrated that 
exosomes derived from PMSC Exos significantly improved 
endometrial repair in a rat model of IUA. Through compre-
hensive transcriptomic and functional analyses, we identified 
that PMSC Exos deliver miR-143, which targets MyD88 
to modulate the NF-κB signaling pathway, thereby reduc-
ing inflammation and fibrosis. These findings highlight the 
potential of PMSC Exos as a cell-free therapeutic strategy 
for IUA, offering a novel approach to address the limitations 
of current treatments.

MSCs have become the main cell sources for tissue regen-
eration due to their pluripotent differentiation, high expan-
sion potential, and immunomodulatory ability. A variety of 
MSCs exert therapeutic effects on IUA (Zhang et al. 2018; 
Zheng et al. 2022; Min et al. 2021). However, stem cell 
therapy has some drawbacks, including the risk of immune 
rejection, need for surface stable cells, and potential risk 
of cancer or ectopic tissue development (Lin et al. 2021). 
Recent studies have shown that the therapeutic effect of 
stem cells is mainly driven by paracrine mechanism, and 
Exos have clear significance in the therapeutic effect of IUA 
(Liu and Wang 2022). Studies have shown that UCMSC 

Exos can promote endometrial regeneration and collagen 
remodeling, and restore fertility (Xin et al. 2020). In addi-
tion, Exo derived from BMSCs can promote endometrial 
repair in IUA animal models (Yao et al. 2019). In recent 
years, PMSCs have become a hot spot in MSC research 
because of their easy extraction, abundant sources, and few 
ethical issues (Patel et al. 2014). However, the therapeutic 
effect of secreted Exos on IUA remains to be explored. In 
this experiment, the rat IUA model constructed by electro-
coagulation and the gross anatomical map of the rat uterus 
were observed, and endometrial damage was evaluated by 
HE and Masson staining, which confirmed the successful 
construction of the IUA animal model. Moreover, the endo-
metrial thickness, number of glands, and fibrosis level of the 
damaged uterus after Exo treatment were measured, and the 
results showed that PMSC Exos significantly improved the 
damaged endometrium.

MSC Exos can deliver contained proteins, mRNA, 
miRNA, and other molecules to damaged cells, effectively 
inducing therapy-related signals to function (Fang et al. 
2016). To explore the potential molecular mechanism of 
Exo therapy, we conducted transcriptome sequencing of 
mRNA and miRNA in the normal, IUA, and Exo groups 
and conducted differential expression analysis of the data to 
obtain 3980 common DEGs in the IUA and normal groups 
and in the Exo and IUA groups. KEGG/GO and GSEA 
were performed on DEGs. Result displayed that immune 

Fig. 7   The miR-143 delivered by PMSC Exos targeted MyD88 
A: Summary of the top 20 miRNAs in PMSC Exos. B, C: A Venn 
plot and a upset plot of shared by DEmiRNAs by the IUA vs normal 
groups, the Exos vs IUA groups and Top 20 miRNAs in the PMSC 
Exos. D, E: qRT-PCR analysis of miR-143-3p and MyD88 expres-

sions in endometrial tissues (*compared with control group, #com-
pared with IUA group). F: After transfection of miRNAs mimics and 
WT or MUT vectors into 293T, dual-luciferase reporter genes were 
performed
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system processes, natural killer cell–mediated cytotoxic-
ity, NF-κB signaling, Th17 cell differentiation, and other 
immunoinflammatory pathways and biological functions 
were enriched. Immune cells play an important role in the 
development of inflammatory response that triggers endo-
metrial fibrosis. For example, Feng et al. found that the IUA 
group had increased proportions of endometrial CD45 cells, 
neutrophils, T-cells, and macrophages; decreased propor-
tion of natural killer cells; and a high expression of LIGHT 
in CD4 T-cells and macrophages, compared with the con-
trol group (Abudukeyoumu et al. 2022). Duan et al. showed 
that the abnormal infiltration of inflammation-associated 
immune cells disrupts normal endometrial function in 
endometriosis (Duan et al. 2018). This result is consistent 
with our findings. Changes in endometrial immune cells in 
IUA are the key driving factors in finding the pathogenesis 
and therapeutic targets of IUA. MSC Exos can enhance the 
efficacy of IUA therapy by promoting the polarization of 
macrophages into M2 phenotype through TNF-α (Li et al. 
2022). Another study showed that MSCs transplanted into 
the uterine cavity of mice can play an immunomodulatory 
role by secreting the anti-inflammatory cytokine IL-6 (Gan 
et al. 2017). These results confirm the abnormal distribution 
of immune cells and the importance of immune system regu-
lation during endometrial injury and PMSC Exos, namely, 
NF-κB signaling and Th17 cell differentiation. Therefore, 
we constructed the PPI network maps of the two to explore 
the interactions among genes. Wang et al. proposed that 
NF-κB is a pathogenic factor of Ascherman syndrome, pro-
viding a novel idea for the prevention and treatment of IUA 
in patients (Wang et al. 2017). The activity of NF-κB sign-
aling pathway in IUA endometrial tissues is significantly 
enhanced compared with that in normal endometrial tissues, 
and the NF-κB signaling may be involved in MSC transplan-
tation for IUA treatment (Xue et al. 2015). RNA sequencing 
in another study showed that hUCB-MSCs regulate Th17/
Treg balance and NF-κB signaling for IUA (Hua et al. 2022). 
The study was confirmed by PCR that MSC therapy can 
indeed reduce NF-κB-p28 protein levels. MSCs can regulate 
Th17 cell polarity into anti-inflammatory regulatory T-cells 
and reduce the ratio of Th17/Treg cells to perform immu-
nomodulatory functions (Chen et al. 2020). The literature 
supports our findings. Exos play a therapeutic role primarily 
by delivering ncRNAs, and miRNA has received extensive 
interest due to its important role in the regulation of gene 
expression (Rutnam et al. 2013). Therefore, we speculated 
that miRNA may be involved in regulating Th17/Treg bal-
ance and NF-κB signaling pathway.

Next, we performed miRNA sequencing on Exos and 
conducted a comprehensive analysis in combination with 
the miRNA sequencing data from endometrial tissues. In 
PMSC-Exos, the content of miR-143-3p ranked relatively 
high. A Venn diagram was used to identify in the IUA vs 

normal groups, the Exos vs IUA groups and the top 20 miR-
NAs MSC-Exos. It was found that miR-143-3p is a common 
miRNA among these three groups. By using a database to 
screen for target genes of miR-143, we identified MyD88 as 
a target gene of miR-143. Notably, MyD88, as a hub gene 
in the NF-κB signaling pathway, plays an important role in 
the regulation of the pathway (Expression of Concern. 2021). 
The dual-luciferase reporter assay confirmed that miR-143 
can bind to the 3'UTR region of MyD88. The RT-qPCR 
experiment confirmed that in the IUA disease model, miR-
143 was significantly downregulated, while MyD88 was 
significantly upregulated. However, after Exos treatment, 
the expression of miR-143 was significantly increased, and 
the expression of MyD88 was decreased. Moreover, MSC 
Exos are involved in the intercellular transfer of HAND2-
AS1 and the treatment of rheumatoid arthritis through the 
miR-143-3p/NF-κB pathway (Su et al. 2021). Curcumin-
treated MSC-derived Exos can regulate the NF-KB signaling 
pathway and play a therapeutic role by increasing the expres-
sion level of miR-143 in osteoarthritis (Qiu et al. 2020). This 
result further confirms our speculations. MSC Exos may be 
involved in the regulation of the NF-κB signaling pathway 
and can induce the polarization of M2 macrophages and 
Tregs to improve the inflammatory response of nephritis and 
other key organs (Sun et al. 2022). These results are consist-
ent with our results, and thus we speculated that miR-143-3p 
carried by PMSC Exos can regulate the NF-κB signaling 
pathway and the balance of Th17/Treg cells by targeting 
MyD88, thereby participating in the regulation of the inflam-
matory environment in IUA, this mechanism still needs to 
be further explored in future experiments.

Conclusions

In conclusion, our study demonstrates that PMSC Exos 
effectively restore endometrial function and morphology in 
a rat model of IUA. We identified key genes and signaling 
pathways involved in endometrial repair, highlighting the 
role of miR-143 in modulating the NF-κB signaling pathway 
and Th17/Treg cell balance through MyD88 targeting. These 
findings provide valuable insights into the therapeutic poten-
tial of PMSC Exos as a novel treatment strategy for IUA, 
offering a promising avenue for future clinical applications.
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